The spermatophore morphology and spermatozoal ultrastructure of Diogenes pugilator are described. The spermatophore is typically tripartite made up of an ampulla, a very long stalk and a foot. The two halves making up the ampulla meet at a lateral ridge. The sperm is ovoidal in shape and composed of a large, almost cylindrical, acrosome, which occupies most of the cell volume, capped by a conical operculum, and cupped posteriorly by a cytoplasmic region comprising the nucleus and three arms. The sizes of the different parts of the spermatophore and of the sperm are given and their exterior morphology and ultrastructure described and compared to congeners. The available spermatozoal and spermatophore data is used to place D. pugilator within a sperm phylogeny of the hermit crab family Diogenidae.
INTRODUCTION
Diogenes pugilator (Roux, 1829 ) is a common Mediterranean hermit crab belonging to the family Diogenidae. It lives on sandy bottoms between 0 and 40 m (Ingle, 1993) . Morphometric and systematic aspects were analyzed respectively by Altes (1966) and Codreanu and Balcescu (1968) , while population structure, sex ratio, distribution around the habitat, molting rate in captivity and the occupied shell have all been studied by Pessani et al. (1999) .
The reproductive apparatus of hermit crabs, composed of gonopores (sometimes external sexual tubes), testes and vasa deferentia containing spermatophores and spermatozoa, show a species specific morphology that has been used in past phylogenetic studies (Tudge, 1997) . The only research published on the reproductive apparatus of D. pugilator is by Mouchet (1931) and Manjón-Cabeza and García Raso (2000) . Both papers studied the morphology of the reproductive tract under light microscopy and the stages of maturation of the spermatophores, while the later authors also described the distinctive structure of the male gonopores under SEM. No complete description of the male reproductive apparatus is available for D. pugilator though. Therefore the aim of this research is to expand knowledge of the reproductive morphology of D. pugilator by analyzing spermatophore and sperm morphometry and ultrastructure and compare them with data published on other diogenids. These data, combined with that of other hermit crab species, is used in phylogenetic analyses, primarily following the character matrix and methods of Tudge (1997) , in order to help place D. pugilator within a sperm phylogeny of the diogenid crabs investigated for spermatozoal and spermatophore morphology. This paper is part of a series that aims to describe the male reproductive apparatus of four of the most common Mediterranean hermit crab species: Calcinus tubularis (Linnaeus, 1767) (see Tirelli et al., 2006) , Clibanarius erythropus (Latreille, 1818 ) (see Tirelli et al., 2007) , Paguristes eremita (Linnaeus, 1767) and Diogenes pugilator. For D. pugilator we present new data that, together with the research already published (Mouchet, 1931; Manjón-Cabeza and Garcia Raso, 2000) , contributes to the knowledge of the reproductive apparatus of this species.
MATERIALS AND METHODS

Specimens
The 23 mature males (carapace length 6 standard deviation: 6.49 6 0.89 mm; gonopores present) were collected from 2 m depth at Plimiri, Rodi Island, Greece (358559560N, 278519500E) The use of these animals was approved by the appropriate animal care review committee at the Dipartimento di Biologia Animale e dell'Uomo dell'Università di Torino (Italy), where the experiments were carried out.
Observations were made under interference phase-contrast (IPM) light microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
After collection, 18 specimens were prepared for light microscope observations, three specimens for SEM observations, and two specimens for TEM observations according to the standard protocols described in Tirelli et al. (2006 Tirelli et al. ( , 2007 .
The variation in the measurements shown for spermatophores and spermatozoa are 6 one standard deviation.
Phylogenetic Analysis
The diogenids included in this analysis are all from Tudge (1997) , except for the following four hermit crabs (listed with their source): Calcinus tubularis (from Tirelli et al., 2006) , Clibanarius vittatus Bosc, 1802 (from Matos et al., 1993; Hess and Bauer, 2002) , Diogenes pugilator (from Manjón-Cabeza and García Raso, 2000; present study), and Loxopagurus loxochelis (Moreira, 1901) (from Scelzo et al., 2004 Scelzo et al., , 2006 .
The current analysis uses 17 of the 32 characters from Tudge (1997) and these are character number : 3, 5-10, 12, 14-18, 21, 29, 31 and 32. The out-group taxon, Pagurus bernhardus (Linnaeus, 1758) (Paguridae) is chosen because of its sister-group relationship to the diogenid taxa (plus the coenobitids) in the sperm phylogeny of Tudge (1997) . Other anomuran taxa used for out-group comparison in the present analyses include Lomis hirta (Lamarck, 1818) (Lomisidae), Birgus latro (Linnaeus, 1758) (Coenobitidae), Hippa pacifica (Dana, 1852) (Hippidae), and Eumunida sternomaculata (Saint Laurent & Macpherson, 1990 ) (Chirostylidae), all from Tudge (1997) ; as well as Lithodes maja (Linnaeus, 1758) (Lithodidae) (from Tudge et al., 1998) , Albunea marquisiana Boyko, 2000 (Albuneidae) (from Tudge et al., 1999) and Aegla longirostri Bond-Buckup & Buckup, 1994 (Aeglidae) (from Tudge and Scheltinga, 2002) . The matrix is available, upon request, from the first author (TT).
The phylogenetic analyses (parsimony and Bayesian) were performed using PAUP version 4.0b10 (Swofford, 2001) for the former and MrBayes 3.1.2 (Huelsenbeck and Ronquist, 2001 ) for the latter, utilizing a data matrix established as a nexus file. Parsimony analyses were carried out firstly using a heuristic search: 100 random addition sequence (RAS) replicates, 1 tree held at each stepwise addition, tree bisection-reconnection (TBR) branch swapping. All characters were unordered and initially equally weighted, but then re-weighted according to their own rescaled consistency index (RC), using the iterative protocol of Farris (1969 Farris ( , 1988 . Support to tree topology was evaluated by bootstrap and jack-knife analyses (1000 replicates, heuristic searches: 10 RAS, TBR). Under the same optimality criterion, parsimony, quartet puzzling analysis was performed: 100.000 puzzling steps, values from them gave topology reliability.
Bayesian searches were performed with two independent analyses each with four simultaneous chains running for 1 million generations, sampling every 100 generations. The model used was Markov-k (Lewis, 2001) , across site rate variation is described by a Gamma distribution.
RESULTS
Spermatophore Morphology and Ultrastructure
The spermatophore is made up of an ampulla, a long stalk and a foot (Figs. 1A-D, 2A-B) . The ampulla is a spherical or ovoid capsule comprised of two valves joined along their lateral edge at a conspicuous ridge, termed the lateral ridge (Fig. 2B) . The ampulla is 115.0 6 7.2 (n ¼ 100) lm long and 105.6 6 4.3 (mean 6 SD; n ¼ 100) lm wide and is penetrated by a dorsal projection at the distal end of the stalk to a depth of nearly half the ampulla length (Fig. 1A, C) . The stalk is very long, 468.1 6 65.9 (n ¼ 100) lm, and thin, being 14.0 6 2.0 (n ¼ 100) lm wide. The width is constant along all the stalk length, except for the small area where the stalk meets the ampulla. Here, the stalk slightly widens, is spatulate, and forms a dilated pad on which the ampulla is situated. The basal portion of the stalk is inserted in the center of the foot. The foot is roughly oval in shape, being 31.0 6 4.8 (n ¼ 100) lm by 54.7 6 13.9 (n ¼ 100) lm.
The lateral ridge (Figs. 2B and 4A) is seen as a thickening of the ampullar wall where the two valves meet. At the TEM level ( Fig. 4A) , and in longitudinal section, the lateral ridge is conical in shape, with the inner portion of the ampulla wall, close to the lateral ridge, being fibrillar and strongly electron-dense. The outer portion of the ampullar wall is made up of two regions. The first region, inner granular layer (igl), adjacent to the fibrillar layer is finely granular and definitely less electron-dense than the fibrillar layer. The second and outermost region (outer granular layer) is less granular, less electron dense and has an irregular exterior edge ( Fig. 4B ). At the lateral ridge the ampullar wall is 5 times thicker than in the remaining ampullar wall. The ampullar wall distant from the lateral ridge shows no granular layer but only the fibrillar one, which is almost twice as thick as the granular layer.
At the lateral ridge the fibrillar layer of the two ampulla halves does not merge and the two valves are separated by a gap (Fig. 4A ). This line of discontinuity is irregular and is plugged with homogeneous, slightly granular, less electrondense material, analogous to the extracellular matrix contained in the ampulla. The sperm cells are embedded in this internal matrix, which shows some small, irregular electron-dense patches. Table 1 shows the mean value (mean) and the standard deviation (SD) in the thickness of the different layers of the ampullar wall, both at the lateral ridge and not, respectively.
Spermatozoal Ultrastructure
The spermatozoa of Diogenes pugilator, at the SEM level, are composed of a large, almost cylindrical, acrosome, which occupies most of the cell volume, capped anteriorly by a conical operculum, and posteriorly by a cytoplasmic region comprising the nucleus and three arms (Fig. 2C ). These long arms are spaced approximately at 1208 from one another. D. pugilator total sperm length is 12.6 lm, total sperm width is 5.5 lm, acrosomal length is 11.8 lm, and acrosomal width is 5.2 lm (more detailed sperm cell dimensions are shown in Table 2) .
At the TEM level, the acrosome is posteriorly penetrated by the perforatorial chamber, which directly communicates with the cytoplasm (Figs. 3, 4C ) and extends anteriorly for half of the length of the acrosomal vesicle. Anteriorly the acrosome is capped by a conical, highly electron-dense, operculum (Fig. 3) . The subopercular zone occupies the space beneath the operculum, is fibrillar and of medium electron-density. The perforatorial chamber, which has a smooth inner margin, has a conical shape in longitudinal section. It is slightly narrower in the zone immediately adjacent to the cytoplasm, then it widens briefly (Figs. 3, 4C) before progressively narrowing anteriorly. Inside the perforatorial chamber three distinct portions may be recognized, according to their different electron-density. The anteriormost is of medium electron-density and coarsely granular. The middle portion is similarly dense but more finely granular, while the posteriormost portion is quite electron-dense and finely granular. This last portion communicates with the cytoplasm directly (Figs. 3, 4C ). At the base of the perforatorial chamber the wall features numerous horizontal microvillus-like extensions that extend towards the center of the chamber (Figs. 3, 4C ). These extensions, according to the direction of sectioning, look like typical microvilli or like small vesicles close to the perforatorial chamber wall. In the posterior region of the perforatorial chamber the wall is surrounded by a thickened, strongly electron-dense part of the acrosomal membrane (Figs. 3, 4C ). Anterior to the perforatorial chamber and occupying the central area is a strongly electron-dense, spirally aligned fibrous zone (safz) (Figs. 3, 4D) .
A slightly granular layer surrounds the whole chamber and constitutes the inner acrosomal zone (Figs. 3, 4D ). Exterior to this is a thick ray zone. This ray zone, in longitudinal section, has the appearance of densely radiating bands of alternating dark and light electron-density and is made up of three concentric layers, showing fibers with different orientations. In transverse section, the fibers of the outermost layer (ray zone 1) are perpendicular to the direction of cutting, the fibers of the middle layer (ray zone 2) are oblique to the previous ray zone and the fibers of the inner layer (ray zone 3) are perpendicular to the ones of the outer layer (Figs. 3, 4D-E) . In the basal portion of the acrosome, ray zone 3 has a circular profile (around the perforatorial chamber) in transverse section, while in the apical portion, just beneath the subopercular zone, ray zone 3 has a trilobed appearance (Fig. 4E) . Exterior to the three ray zones there is the outer acrosomal layer (Figs. 3, 4E) . It is thin, slightly granular, of moderate electron-density and it constitutes the outermost acrosomal zone. This zone extends peripherally around the acrosome from the posterior end of the acrosomal vesicle to the posterior edge of the operculum.
The cytoplasmic material surrounds the base of the acrosomal vesicle and a portion protrudes into the posterior opening of the perforatorial chamber (Figs. 3, 4C ). Some cytoplasmic bodies are present including spherical, cristate or degenerating mitochondria, membrane systems and the longitudinally arranged bundles of microtubules, which are the bases of the microtubular arms. The nucleus (Fig. 4F) is densely homogeneus and granular, irregular in shape and, in longitudinal section, is as wide as the upper cytoplasmic region (Fig. 3) .
Phylogenetic Trees
The heuristic analysis of the 20 diogenid taxa using 17 spermatozoal and spermatophore characers gave only 2 equally parsimonious trees rooted using the out-group method. The cladogram of the 50% majority rule consensus tree of the two trees is shown in Fig. 5 . The pagurid hermit crab, Pagurus bernhardus, is designated as the out-group and the tree length ¼ 41 steps; consistency index (CI) ¼ 0.68; homoplasy index ¼ 0.32; retention index ¼ 0.78; and the rescaled consistency index ¼ 0.53. An identical tree topology was obtained in other heuristic parsimony analyses when the out-group was designated as Lithodes maja, Lomis hirta and Albunea marquisiana. The same Diogenes þ Cancellus clade (with identical branch topology) was found in a further four heuristic, parsimony analyses (out-group as Aegla longirostri, Birgus latro, Hippa pacifica, and Eumunida sternomaculata, respectively) and the quartet puzzling (Fig. 6A) and Bayesian (Fig. 6B) analyses with P. bernhardus as the out-group again. Fig. 3 . Diogenes pugilator: semidiagrammatic representation of a longitudinal section of a sperm cell, based on micrographs. Nucleus (nu); cytoplasm (cyt) with degenerating mitochondria (mit) and membrane system (ms); perforatorial chamber (per) with microvillus-like extensions (mi); strongly electron-dense part of the acrosomal membrane (dam); inner acrosome zone (inn) surrounding the whole chamber and showing spirally aligned fibrous zone (safz); inner (ra3), middle (ra2) and outer (ra1) strata of the ray zone; outer acrosome zone (out); operculum (op); subopercular zone (sub); microtubular arm (ar). Drawing not to scale.
DISCUSSION Spermatophore Morphology and Ultrastructure
The spermatophores of Diogenes pugilator have the classic tripartite structure typical of anomurans. The general morphology of the spermatophores observed during the present research (Figs. 1, 2 ) is in total agreement with the observations of Mouchet (1930 Mouchet ( , 1931 , Tudge (1995a, b) and Manjón-Cabeza and García Raso (2000) . They show a distinct : inside the spermatophore it is possible to note electron dense patches (edp) and extracellular matrix (em), while the ampulla wall is made up of a fibrillar layer (fl) and a granular one constituted by an inner granular layer (igl) and an outer granular layer (ogl); B, detail of the ampullar wall showing the irregular exterior edge (iee) of the outer granular layer (ogl); C, longitudinal section of the basal portion of a sperm with nucleus (nu), cytoplasm (cyt), perforatorial chamber (per), strongly electron-dense part of the acrosomal membrane (dam), and microvillus-like extensions (mi) of the inner wall of the perforatorial chamber; D) longitudinal section of the middle portion of a sperm showing the spirally aligned fibrous zone (safz), the inner acrosome zone (inn), and the inner (ra3) and middle (ra2) strata of the ray zone; E) transverse section of the distal portion of the acrosome showing the trilobed section of the inner portion of the ray zone (ra3), the middle (ra2) and the outer (ra1) strata of the ray zone and the outer acrosome zone (out); F) basal portion of the sperm cell in oblique section showing the perforatorial chamber (per), the electron-dense part of the acrosomal membrane (dam), the cytoplasm (cyt) with degenerating mitochondria (mit), the base of the microtubular arms (ar), and the nucleus (nu).
lateral ridge where the ampullar halves meet, as first described by Mouchet (1930 Mouchet ( , 1931 and later by Tudge (1991 Tudge ( , 1999 for some coenobitids, pagurids and diogenids. Among the diogenids, the lateral ridge is recorded in Clibanarius erythropus, C. longitarsus (De Haan, 1849), C. virescens (Krauss, 1843) , Calcinus laevimanus (Randall, 1840), C. gaimardii (H. Milne Edwards, 1848), C. minutus Buitendijk, 1937 , C. tubularis, Diogenes gardineri Alcock, 1905 and the genus Cancellus (see Tudge, 1991 Tudge, , 1995a Tudge, , b, 1999 Tirelli et al., 2006) . The ampulla wall and lateral ridge ultrastructure observed in the present research is generally in agreement with that described by Tudge (1999) for congenerics. Moreover, it is evident that the ampulla in D. pugilator opens along the lateral ridge with a zip-like mechanism (Fig.  2B ), as previously described by Tudge (1991) . Spermatophore morphometry in D. pugilator shows more slender spermatophores than in Diogenes gardineri (Tudge, 1991) . Although the ampulla shape is similar in the two species with D. gardineri being slightly squarer (130 3 130 lm) than D. pugilator (115 3 105.6 lm), the stalk lengths are very different (300 lm and 468.1 lm, respectively). The ampullae of both the species show a dorsal projection, already noted in D. pugilator by Mouchet (1931) .
A recent detailed comparison of spermatophore morphometry in D. pugilator and two other Medierranean hermit crabs in the Diogenidae (Clibanarius erythropus and Calcinus tubularis), successfully separated spermatophores of all three taxa using multivariate statistics (Tirelli and Pessani, 2007) .
The lateral ridge (Fig. 4A ) and the spermatophore wall ultrastructure are predominantly fibrillar, as recorded for Coenobita clypeatus Fabricius, 1787 (see Hinsch, 1991 Tudge, 1991 Tudge, , 1995a Tudge, , b, 1999 . Therefore, the ultrastructural study of D. pugilator ampullar wall confirms the close phylogenetic relationship between diogenids and coenobitids, as already mentioned by Tudge (1997 Tudge ( , 1999 . There is, however, a small ultrastructural difference in the lateral ridge between Diogenes gardineri and D. pugilator in that the gap between the two valves is irregularly curvilinear in the latter species instead of strait.
Spermatozoal Ultrastructure
The spermatozoa of Diogenes pugilator agrees with that typicaly described for anomurans with: 1) an ovoid acrosomal vesicle with concentric zones; 2) an electondense operculum, more or less domed, capping the acrosome; 3) a perforatorial chamber, posteriorly entering the acrosomal vesicle; 4) a cytoplasm, placed between the nucleus and the acrosome, which shows mitochondria (generally degenerate) and membrane systems; 5) a generally diffuse nucleus, externally bounded by a nucleoplasma membrane, and 6) microtubular arms originating from the cytoplasm (Hinsch, 1980; Jamieson, 1991; Tudge and Jamieson, 1991, 1996; Goshima et al., 1995; Tudge et al., 1998 Tudge et al., , 1999 Tudge et al., , 2001 Jamieson and Tudge, 2000; Tudge and Scheltinga, 2002; Tudge, 2003) .
Apart from these general anomuran characteristics, the sperm cells of Diogenes pugilator have unique dimensions and ultrastructure. The external morphology and internal ultrastructure of D. pugilator sperm show similarities with the description given for Dardanus species (Tudge, 1992) , from which they basically differ because of the smaller nucleus and the larger (especially longer) acrosomal vesicle. As expected, the sperm show many similarities to that described for the congeneric Diogenes custos (Fabricius, 1798 ) (see Tudge, 1992) . In fact, it is evident that both species share: 1) a large cylindrical acrosomal vesicle, which constitutes almost the entire sperm volume and which is mostly occupied by a thick ray zone (the ray zone of D. pugilator shows three concentric layers with fibers of differing orientation, while the ray zone of D. custos shows only one layer in the ray zone); 2) the perforatorial chamber with microvillus-like projections, extending radially into the lumen; and 3) the same cytoplasm and nucleus ultrastructure.
In D. custos spermatozoa the acrosomal vescicle and all its inner zones, in transverse section, show a circular profile, independent of the level of sectioning, while in D. pugilator the various zones have a circular profile at the perforatorial chamber level and a trilobed profile immediately beneath the subopercular zone (Fig. 4E ). This particular trilobed aspect has not been previously recorded and it appears not to be a consequence of poor fixation, as the rest of the acrosome and of the perforatorial chamber look well fixed. Diogenes pugilator sperm cells are also slightly larger than D. custos sperm cells.
The decapod acrosomal reaction, which causes the acrosome to empty, also causes the nucleus to enter the egg. This mechanism may explain the need to develop sperm cells with so large an acrosome in comparison to the whole cell (Beach and Talbot, 1987) . Moreover the degenerate mitochondria observed are connected to the fact that immobile, aflagellate sperm cells do not need mitochondria giving them the energy (ATP), used by flagellate sperm cells for propulsion (Beach and Talbot, 1987) . The microtubular arms either maintain the form of the sperm (Hinsch, 1988) or give the arms structural support when the sperm emerge from the spermatophores, and the arms extend laterally, as recorded in the galatheids Pleuroncodes planipes Stimpson, 1860 and Cervimunida johni Porter, 1903 (Hinsch, 1991 and Lohrmann and Raineri, 1995 .
In conclusion, the morphological and ultrastructural analysis of D. pugilator spermatophores and spermatozoa confirm what has already been described for other diogenids and the genus Diogenes in particular.
Phylogenetic Analysis
All three phylogenetic search methods (heuristic parsimony, quartet puzzling parsimony, and Bayesian inference) produced trees with similar topolologies, especially in regard to congeneric relationships (see Figs. 5, 6) . The subject of this paper, Diogenes pugilator, consistently was grouped in a terminal subclade of a larger clade containing the four investigated species in the genus Dardanus and the sole (unidentified) member of the genus Cancellus. Curiously, this later species was inserted between the two Indo-West Pacific species of Diogenes (D. custos and D. pallescens Whitelegge, 1897) and the North Atlantic species (D. pugilator). Thus, making the genera Diogenes and Dardanus paraphyletic, based on these limited sperm and spermatophore data.
In all three analyses, investigated species in the genera Calcinus (4) and Clibanarius (5) grouped as separate monophyletic clades. The only discernable substructure within each monophyletic clade was the common separation of any North Atlantic species (Calcinus tubularis, Clibanarius erythropus and C. vittatus) from the remainder of the more closely allied Indo-West Pacific species.
Lastly, the monotypic species, Strigopagurus boreonotus Forest, 1995 and Loxopagurus loxochelis, were variously allied within the three trees (Figs. 5, 6 ), but were consistently placed between the monophyletic Calcinus and Clibanarius clades; a position previously postulated for them both (see Tudge, 1996 and Scelzo et al., 2004 .
